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ABSTRACT 
 Photonic crystals (PCs) are devices with the ability to confine electromagnetic (EM) 
waves due to their EM bandgap.  The three-dimensional woodpile PC studied in this 
dissertation is appealing because unlike its two-dimensional counter parts, it is able to 
confine and guide EM waves in all three dimensions.  This dissertation examines the 
fundamental properties of resonant cavities and use of cavities and waveguides (WGs) to 
create channel-drop filters in the woodpile PC.   
 Resonant cavities are a major building block of photonic integrated circuits devices.  
Therefore it is important to understand how to control the properties of their resonant modes, 
such as quality factor (Q), resonant frequency, magnitude, and mode shape.  This dissertation 
examines the effects of incident EM wave polarization, cavity size, cavity permittivity, cavity 
confinement, material loss, and lattice disorder on the properties of the resonant mode.  
 Channel-drop filters are devices that can be used to transfer EM energy of a specific 
frequency from one WG to another.  Channel-drop filters could be used to optically add or 
remove a specific carrier frequency from a fiber optic cable transporting many carrier 
frequencies.  Channel-drop filters made from a PC are able to perform this task completely 
optically.  This would speed up the optical network since conversion of the optical signal to 
an electronic signal is not required.  In this dissertation six channel-drop filter configurations 
are examined.  These structures are made both in a single stacking layer and separated by 
many layers.  Five of the structures demonstrated good energy transfer from the input (bus) 
WG to the output (drop) WG.  The ability to control the frequency and Q of the transferred 
EM mode is achieved by varying the cavity size and confinement.   
1 
CHAPTER 1. GENERAL INTRODUCTION 
Photonic Crystals 
 Photonic crystals (PCs) are the EM analog of semiconductor crystals.  They consist of 
a periodic lattice of metallic or dielectric materials.  The periodicity of the lattice coupled 
with the refractive index contrast between the materials forming the lattice restricts the 
propagation of EM waves of specific wavelengths.1  This phenomenon is governed by 
Maxwell’s equations, so numerical calculations can be performed to explore various PC 
structures and devices.  Photonic crystals can be one-dimensional (1-D), two-dimensional (2-
D), or three-dimensional (3-D), as shown in Fig. 1.1.  A 1-D PC is commonly known as a 
Bragg reflector.  They are stacked planes of dielectric materials with periodic permittivity 
variations in only one direction.  This type of PC has been commercially manufactured and 
used as dielectric mirrors and optical fibers2.  Waveguides in finite 2-D PCs, also known as 
2-D PC slabs, guide light in the two dimensions due to the periodic lattice and rely on total 
internal reflection to guide them in the third dimension.  Finally, 3-D PCs have a lattice that 
is periodic in all three dimensions.  Three-dimensional woodpile PCs will be studied in this 
work. 
 
FIG. 1.1.  (a) 1-D PC.  (b) 2-D PC.  (c) 3-D PC. 
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 Photonic crystals can be used to create many devices by introducing defects into the 
periodic lattice.  One-dimensional or point defects create resonant cavities and 2-D or line 
defects create waveguides (WGs).3, 4  These two basic types of defects have been used to 
create many complex devices such as:  resonant cavity enhanced detectors5, power splitters6, 
lossless 90 degree or acute angle bends4, 7, 8, 9, vertical cavity surface emitting lasers10, left-
handed materials11, and back reflectors for solar cells12,13.  Photonic crystals show potential 
for creating complex photonic integrated circuits, which could potentially solve many 
problems limiting the current speeds of integrated circuits by creating optical interconnects 
between components on a chip.  This would eliminate stray capacitance on interconnect lines 
and allow the information to travel at the speed of light.   
Materials 
 Metals and dielectrics are the two primary classes of materials used to make PCs.  
Metals have large permittivities making good confinement achievable with relatively few 
lattice constants of the PC.14  Rejection rates for a metallic woodpile PC made of aluminum 
and air were reported to be 7-8 dB per layer in the vertical (stacking) direction.14   Metals 
have one major disadvantage; they are absorbing at optical wavelengths.  Thus, dielectric PCs 
are more favorable for optical devices.  Dielectrics have smaller permittivities than metals 
and for that reason they require more lattice constants of PC surrounding a device to achieve 
good confinement.14  Rejection rates for a dielectric woodpile PC made from alumina and air 
were reported to be 3-4 dB per layer in the vertical direction.14   
3 
Fabrication 
 Fabrication of PCs at optical wavelengths is a challenge.  Two-dimensional PCs are 
fabricated using many standard semiconductor processing tools such as:  atomic layer 
deposition, e-beam lithography, and selective etching (reactive ion etching or anisotropic wet 
etching) to name a few15.  Two-dimensional PCs are relatively simple and inexpensive to 
manufacture at optical wavelengths with current semiconductor technology.16  The two major 
disadvantages of 2-D PCs are leakage of optical power out the vertical direction16, 17, 18, 19, 20 
and their inability to manipulate light in all three dimensions.   
Three-dimensional PCs for use at optical wavelengths are fabricated using processes 
such as:  atomic layer deposition15, 21, e-beam lithography22, selective etching15, 23, 24, wafer 
fusion15, soft lithography25, sputtering25, photo polymerization26, chemical vapor 
deposition24, and multilayer lithography27 to name a few.  The major advantages of 3-D PCs 
are control and confinement of light in all three dimensions.  The major disadvantage of 3-D 
PCs is their difficulty of fabrication at optical wavelengths.   
Scalability 
 Maxwell’s equations are scalable over the entire EM spectrum if there is no 
absorption in the PC’s materials.  This means that an EM wave with wavelength λ1 in a PC 
lattice with unit cell size a1 will behave the same as an EM wave with wavelength s*λ1 in a 
lattice with unit cell size s*a1, where s is the scale factor.  In addition to unit cell size, the size 
of all other features of the lattice must also be scaled accordingly.  PCs can be scaled in size 
to tune the bandgap to any frequency range. This is why frequency is sometimes given as 
4 
normalized frequency in the literature.  Normalized frequency can be calculated using 
Equation 1.1.  
c
aafn pi
ω
λ 2==
      (1.1)
 
In Equation 1.1, nf  is the normalized frequency, a  is the unit cell size, λ is the 
wavelength, ω is the angular frequency, and c is the speed of light.  For a derivation of the 
scaling property see Joannopoulos.28  In addition to normalized frequency, there is also a 
normalized representation of bandgap size, 0f .  This is the ratio of the overall bandwidth of 
the bandgap, ∆fgap , to the mid-gap frequency, fmidgap .  Equation 1.2 is used to calculate the 
normalized bandgap size.  
midgap
gap
f
ff ∆=0
      (1.2)
 
The derivation in Joannopoulos also shows that the ratio of material permittivities, 
not the absolute permittivities is important.28  If the same ratio is maintained the structure’s 
EM properties will remain the same regardless of the absolute material permittivities. 
Computational Methods 
 The three most commonly used methods for calculating the properties of PCs are the 
transfer matrix method (TMM), the Plane Wave Expansion method (PWE), and the Finite 
Difference Time Domain (FDTD) method.  The advantages and disadvantages of each of 
these will be briefly described.  A detailed explanation of each of these methods is beyond 
the scope of this work, but can be found in the work of El-Kady29.   
5 
 The first method is the TMM, which can be used to produce mode profile, band 
structure, transmission, reflection, and absorption data for a given periodic dielectric 
structure.  Using this method allows structures of finite height to be analyzed, although the 
length and width are infinite.   
The TMM method has many advantages over the other two methods.  Optimization of 
this method is possible due to the symmetry of PCs.  When symmetry is taken into account, 
the amount of computation time is significantly reduced.30  Properties of frequency dependent 
dielectric structures can be calculated using this method without computations becoming 
unstable.29  Transmission, reflection, and absorption data can be generated, so it is easy to 
compare the results obtained to experimental results.29  Properties of WGs and cavities can 
also be determined by using a supercell approach.29   
As with all methods there are some disadvantages.  The TMM method’s greatest 
disadvantage is the scaling property of the number of operations required to perform a 
calculation.  The number of operations required for multiplying transfer matrices is N2, where 
N is the number of plane waves.  This is a factor of N better than the PWE method, but still 
computationally costly.29  Ming found that about 7 plane waves per unit cell were required to 
obtain accurate results.31  This makes supercell calculations, which are required for cavity 
and WG structures, time consuming and limited to small supercells. 
The second method is the PWE method.  This was the first method used to calculate 
the properties of PCs and is used to produce energy band diagrams of periodic dielectric 
structures.  The advantage of this method is it provides a clear map of the band structure of a 
PC. 
6 
The PWE method suffers from many disadvantages.  Structures simulated must be 
periodic and infinite in all 3 dimensions, convergence problems are encountered when 
simulations are attempted on materials with frequency dependent dielectric functions, and the 
size of the matrix required for this method is 2*N3.29  A supercell approach can be used to 
calculate properties of cavities or WGs, but the number of plane waves must be increased 
making this very computationally expensive.29  
The third common method is the FDTD method.  This method is used to examine 
how the EM fields develop with time.  It can also calculate the transmission and reflection 
spectrum of a PC, much like the TMM method.   
The FDTD method has a few distinct advantages over the other two methods.  It uses 
only N operations to perform a calculation, where N is the number of real space points.29  
Also, this method is not limited to using plane waves as the source.29  It can use other types 
of sources such as a dipole antenna, which is closer to the experimental source.  This method 
can also be used on structures that are finite in all three dimensions.29   It is the method best 
suited for performing calculations on devices that include WGs and cavities.   
There are some disadvantages to the FDTD method.  Calculations of transmission and 
reflection spectra are more prone to errors.  If calculations are performed to determine the 
band structure, initial field values must be chosen carefully.29  Also, performing calculations 
on lossy material is computationally costly because a very small grid is required to account 
for the skin depth effect of the material.29 
7 
3-D Woodpile Structure 
 In this work, 3-D woodpile PCs were studied.  They consist of a diamond lattice 
fabricated at microwave wavelengths using square alumina rods in an air background.   
Figure 1.1c shows a diagram of this PC.  The crystals are fabricated two layers at a time by 
using a jig to align the rods of each layer, as shown in Fig. 1.2, and a small amount of 
cyanoacrylate glue to bond them together. 
  
 
FIG. 1.2.  Jig for fabricating PC layers. 
 
The jig is designed to produce a PC with a unit cell spacing of 10.7 mm in the x and y 
directions and a spacing of 12.8 mm in the z direction. The alumina rods have a measured 
refractive index of approximately 3.0 and are 3.2 mm square. One unit cell in the z direction 
consists of four layers stacked in an alternating fashion as shown in Fig. 1.1c.  The filling 
ratio of this structure is approximately 29.9%. and it has a complete 3-D bandgap from about 
11.2 to 13.3GHz.  The measured and TMM calculated bandgaps for each direction are shown 
in Fig. 1.3.  The complete bandgap shown in the simulation and the experiment match very 
well.  In the experimental data the rejection of EM waves is not nearly as good as the 
simulation.  This could be caused by disorder in the lattice of the real PC and being finite in 
all three dimensions.  The slight differences in the band edges between the theoretical 
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simulations and the experimental transmission spectra could easily be caused by slight 
differences in dielectric constant of the simulated and actual alumina rods or differences in 
the lattice constants. 
 
FIG. 1.3.  (a) Experimental bandgap  (b) Simulated bandgap  (The red dashed lines occur when the EM 
wave is propagating in the y direction and the e-field is in the x direction.  The blue dot-dashed lines 
occur with the EM wave propagating is in the y direction and the e-field is in the z direction.  The green 
solid lines occur when the EM wave is propagating in the z direction and the e-field is in either the x or y 
directions.)      
Defects 
 Defects occur when there is a break in the periodicity of the PC’s lattice.  A defect 
causes EM waves to be localized in real space and thus wavevector space.20  Figure 1.4 
shows a break in a dielectric rod, which creates point defect of air in the woodpile structure.  
Defects inside PCs are similar to cavities with reflecting walls.  Looking out each side of the 
defect is a periodic lattice with a bandgap for EM waves of a certain frequency.  If the EM 
radiation inside the defect is at a frequency within the bandgap, then the walls of the cavity 
will confine the majority of this wave’s power within the cavity.  If the cavity is inside a real 
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finite PC there will be some evanescent leakage out of the cavity based on the number of 
lattice constants of PC surrounding the cavity.   
 
FIG. 1.4.  Defect in a woodpile PC as seen looking in the z direction (stacking direction). 
There are three basic types of defects:  addition or subtraction of material (like the 
point defect in Fig. 1.4), change in filling ratio, or change in unit cell size.32  It is also worth 
noting that resonant cavity modes in PCs have a Lorentzian peak shape.17  Fano peaks may be 
present in the transmission spectrum, but are caused by surface modes on the finite crystal, 
not cavity modes.33   
The evanescent leakage from a defect can be exploited to make PC devices.  
Evanescent decay allows an EM wave from the outside of the crystal to couple into the cavity 
provided that the mode shape of the incoming wave is similar to the mode shape of the 
cavity.  Walls of the cavity are mostly reflective, so evanescent waves that decay into the 
cavity will resonate within the cavity at the cavity’s resonant frequency for a period of time 
before decaying out.  When an EM wave decays evanescently into a PC its wavevector will 
have only a component perpendicular to the edge of the crystal, since only the Bloch 
wavevector perpendicular to the edge is complex.34  The evanescent decay has an exponential 
dependence, which occurs because the PC looks like a barrier to the EM wave, so the wave 
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must tunnel through the PC barrier to reach the cavity.34, 35, 36  Subramania demonstrated, in a 
2-D PC with a lattice constant of 440 nm, that Q depends exponentially on the number of 
lattice constants of PC between the source and the defect.35  Kohli also demonstrated the 
exponential dependence of Q on the number of lattice constants between the defect and the 
source in a 3-D PC with a lattice constant of 10.7 mm.3  Both experiments verify the decay 
into a PC is consistent with that of an EM wave tunneling through a barrier.   
Quality Factor 
 Resonant cavity defects are often classified by their Q factor.  Q is a measure of the 
confinement of the EM waves within the defect.  Q can be determined using Equation 1.3.3, 37   
Q = ω0 * Stored _ Energy
Power _ Loss
=
fcenter
∆f
      (1.3)
 
In Equation 1.3, ω0 is the angular frequency, fcenter is the resonant frequency, and ∆f  
is the full width at half maximum.  Frequencies near the center of the photonic bandgap will 
be localized more tightly as a general rule due to increased evanescent decay near the center 
of the bandgap giving them a larger Q.28   
Resonant cavities in PCs are not lossless.  The loss mechanisms are dependent on the 
type of PC.  Two-dimensional structures will exhibit loss out of the z direction (Qrad), out the 
sides of a finite PC (Qfinite), from absorption in the materials, from scattering due to lattice 
disorder, and from decay into a device (Qdevice) such as a resonant cavity or WG.  If the 2-D 
PC is made of materials that are not absorbing at the bandgap frequency and lattice disorder 
is small, then Q can be represented by Equation 1.4.17   
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Q = Qdevice−1 + Qrad−1 + Q finite−1[ ]−1
      (1.4) 
Three-dimensional PCs have all of the same loss mechanisms as 2-D PCs except they 
do not suffer from radiation loss in the z direction, since they are periodic in all three 
dimensions.  Thus, for a 3-D crystal Equation 1.4 can be used to represent Q if the Qrad term 
is omitted and the same assumptions apply. 
Properties of Defect Cavities 
 There have been many studies done on cavity resonators of various shapes and sizes 
in one, two, and three dimensional PCs.  Photonic crystals can produce high-Q resonators 
with small volumes, ~ λ
n
 
  
 
  
3
 giving them the ability to be used as compact optical devices.35, 20  
Physical properties of the PC or defect must be changed in order to modify the properties of a 
cavity’s resonant mode.  Properties previously explored by researchers include:  changing the 
dielectric contrast of the PC, filling ratio of the PC, cavity size, and cavity shape.  Changing 
these physical properties will change the Q, frequency, and mode shape of the resonant mode.    
Joannopoulos theoretically examined how resonant frequency changes with dielectric 
contrast in a 2-D PC with a square lattice of air holes.  He found that as the dielectric contrast 
increases, so does the resonant frequency of the defect mode.28   
Ogawa demonstrated that cavity Q decreases with a decrease in the defect size for 2-D 
PCs, but Q is independent of cavity size in 3-D PCs.  The decrease in Q occurs for 2-D 
crystals because the vertical confinement in the cavity is solely due to total internal reflection, 
so as the cavity size decreases it becomes more difficult to confine the EM waves with total 
internal reflection.38 
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Foresi performed experimental and theoretical research on changing the size of 
defects in a 2-D PC consisting of air holes in a dielectric background.  The bandgap of the 
crystal was in the infrared from 1350 to 1700µm.  Results showed that increasing the length 
of the defect (filling more air holes with dielectric) increased the overall dielectric constant of 
the defective region causing the frequency to decrease.20   
Yablonovich observed that the resonant frequency would increase with size for air 
defects and decrease as dielectric defects increased in size, in his 3-D PC structure commonly 
called the “Yablonovite”.  This is consistent with what Foresi observed in a 2-D PC.28 
Theoretical FDTD calculations and experimental work was performed on a 2-D PC 
slab, by Alija, to determine the effect of slab thickness on spontaneous emission.   A blue 
shift of 2 nm was observed for each nanometer reduction in slab thickness.  Q varied less 
than 1000 for all thickness.  Alija never stated the actual Q value for the resonant mode, but 
did state that the change in Q was not large enough to change the resonant frequency.  This 
demonstrates that a reduction in the overall volume of a cavity in a 2-D PC slab will move 
the resonant mode to lower frequencies.39    
Leung performed work with 3-D metallic woodpile PCs.  The three basic types of 
defects mentioned previously were studied.  He showed that increasing the filling ratio 
caused the resonant peak to sharpen.  This sharpening is probably caused by an increase in 
confinement per lattice constant due to an increase in the overall effective dielectric constant 
of the PC.32 
Noda examined the effects of defect shape on the polarization of defect modes both 
theoretically and experimentally.  Noda’s structure consisted of a 2-D array of air holes in a 
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dielectric slab.  For a perfectly round defect no polarization effects were observed, but for a 
slightly elliptical or off-center defect a linear polarization was observed.  Noda demonstrated 
control of polarization by varying defect shape.15   
 Defects have been used to modify the mode shape of a guided wave to match modes 
at WG interfaces.  Jin used defects at the end of a WG in a 2-D PC to match a line-defect 
WG’s guided modes to those of a cavity-coupled WG in the same PC.  Jin calculated the 
optimum defect configuration to use at the interface using a 3D-FDTD method and then 
tested the structure experimentally to verify the calculations.40 
Literature Review of Cavity Structures in the 3-D Woodpile PC 
 There have been many different defects studied in the woodpile structure.  The three 
basic types of defects studied are the 2-D planar air defects5,41, one-dimensional WG defects3, 
and “point” defects3, 14, 38, 42.  Defective dielectric3, 42 and metallic14 woodpile PCs have been 
examined.  The next several paragraphs will review previous work performed using the 3-D 
woodpile structure.   
 Li performed calculations for air defects in the woodpile PC using the TMM method 
with a rational function interpolation algorithm.  Higher order incidence was also utilized in 
the calculations to ensure all cavity modes were excited. Li’s work produced a framework for 
using this method to simulate cavities in the woodpile structure.  A plot showing the change 
in resonant frequency with supercell size is shown in Fig. 1.5.  A 5X5 supercell provides 
enough isolation between 2 unit cell (uc) defects in adjacent supercells, so that the resonant 
frequency can be calculated within .1%.30, 33   
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FIG. 1.5.  Simulation results showing that a 5X5 supercell is enough for a defect that is 2 uc wide.33 
 
 Ogawa and Noda examined 3-D PCs with point defects fabricated at optical 
communication wavelengths.  This work was performed both experimentally and 
theoretically using the FDTD method.  The woodpile structure was fabricated using GaAs 
stripe layers with an InGaAsP quantum well layer that emitted light of 1.55 µm.  The active 
layer was first added as a thin planar defect and then added as a part of one-woodpile layer.  
Quality factor was found to be independent of the defect size and reported to be about 3000.  
Noda also showed that centering a defect over a rod in the layer above the defect layer, shown 
in Fig. 1.6, created a degenerate multimode cavity, while shifting it 0.25 uc off center yielded 
a single-mode cavity. Experimental results are given in Fig. 1.7.15, 38 
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FIG. 1.6.  Dielectric cavity centered on a rod.15 
 
 
FIG. 1.7.  (a) Cavity modes with cavity centered on a rod.  (b) Cavity modes with cavity 0.25 uc offset 
from rod.15 
Kohli performed an experimental study to complement Li’s theoretical study of air defects in 
3-D woodpile PCs.  This experimental work focused on modes excited within air defects with 
a plane wave incident the PC in the z direction.  A comparison between the experimental data 
and the TMM calculations is shown in Fig. 1.8.   
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FIG. 1.8.  Comparison of experimental and TMM calculated data.3 
The experiment and simulation differ by about 0.5 %.  This difference could be due to a 
difference in the refractive index of the alumina rods or a slight variation in the lattice 
constant of the PC.  An experiment was performed to determine the effect of confinement of 
the cavity in the z direction on resonant frequency and Q.  These results are shown in Figs. 
1.9 and 1.10.  The results show that the frequency does not change if the defect is confined by 
1.5 or more lattice constants of cladding.   
 
FIG. 1.9.  Relationship between resonant frequency change and cavity confinement.3 
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FIG. 1.10.  Relationship between cavity Q and confinement.3 
At 1.5 lattice constants of cladding the cavity Q is about 1000, but if the cladding is increased 
to 2.25 lattice constants the cavity Q increases to about 3000.  Kohli showed that cavity Q 
increased exponentially as the number of lattice constants of cladding increased which is 
expected for an EM wave tunneling through a barrier.  This study also produced a map of 
resonant frequency versus defect size, as shown in Fig. 1.11.3  
  
FIG. 1.11.  Map of cavity mode frequency versus cavity length.3 
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Coupling Between Defects and Waveguides 
 Coupling of a specific frequency band from one WG to another can be achieved with 
two basic structures:  the traveling wave resonator and the standing wave resonator.  The goal 
of these resonator systems is to transfer, or drop, all of the energy of a small band of 
frequencies from an input WG, known as the bus WG, containing many frequencies to an 
output WG, known as the drop WG.   
One common type of traveling wave resonator is the micro-ring resonator.  In theory 
these systems can provide high efficiency dropping and good drop directionality.  However, 
surface roughness can severely hinder the performance of these devices.  For this reason, 
small micro-ring resonators with high drop efficiencies are difficult to fabricate.43, 44  
Standing wave resonators can be made using PCs consisting of networks of cavities 
and WGs. Photonic crystal standing wave resonators will be the focus of the rest of this 
section.  To make a channel-drop filter using a standing wave resonator in a PC, two WGs 
must be brought into close proximity with a resonant cavity between them.  In this system 
energy will decay evanescently out of one WG and into the resonator.3, 36, 45  Once inside the 
resonator, the energy will resonate for a period of time and then decay out of the resonator 
into the drop and bus WGs.  If the resonator system is designed carefully nearly 100% of the 
energy will be transmitted to the output guide.  However, some systems will send a large part 
of the energy back into the input guide.   Bandwidth and drop efficiency can be controlled by 
the separation between the cavity and the WGs.46  The drop direction will be primarily 
controlled by the geometry of the cavities and modes making up the resonator system.45, 47  A 
standing wave resonator used to create a channel-drop filter can be made using one or more 
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defects between the two WGs within the PC.    Figure 1.12 shows the general components of 
a channel-drop filter. 
 
FIG. 1.12.  General components of a channel-drop filter. 
 
 Channel add-drop type filters come in many different configurations.  One way to 
classify them is by their number of ports.  For single-mode dropping there are three main 
types:  2-port, 3-port, and 4-port.  Previous work in each of these areas will be discussed in 
the next several paragraphs. 
One simple kind of drop filter, simulated by Ren in a 2-D PC with a square lattice of 
air holes, is a 2-port reflection-drop filter.48  In this system a cavity is used to reflect EM 
radiation of a specific wavelength backwards in the input guide.  Ren actually used a 
reflection-drop filter in a 3-port channel-drop system to reflect EM waves that did not couple 
to the drop guide on the first pass back toward the resonant cavity coupling to the drop guide.  
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This improved the transmission of the resonant frequency to the drop guide of his 3-port 
channel-drop filter. 
 Two-port channel-drop filters consist of only one input port and one output port.  
Electromagnetic waves enter into the input port and once the wave reaches the end of the 
input guide, modes that are able to resonate inside of the cavity are dropped out of the input 
guide.  Any modes that are not dropped out of the input guide are reflected back toward the 
input port.  Modes that have been dropped out of the input port resonate in the cavity and 
then are transferred to the output guide. Figure 1.13 shows one type of 2-port channel-drop 
filter.  
 
FIG. 1.13.  Two-port channel-drop filter. 
 
 
 Dropping of EM modes from adjacent dielectric WGs using a defective 2-D PC as a 
resonator was theoretically studied by Qiu using the FDTD method.  Qiu determined that the 
number of lattice constant of PC between the cavity and the WGs determined the bandwidth 
of the transferred frequencies and the transfer efficiency.46    
 While studying a 2-port channel-drop filter in a 3-D woodpile PC, Okano found that 
when a WG and cavity have the same axis of symmetry a mode is only able to couple if the 
mode in the WG and the cavity are both either even or odd.  If the symmetry planes of the 
WG and the cavity are not aligned, then it may be possible to couple energy from a WG with 
an even or odd mode into cavity with an odd or even mode, respectively.37   
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 Three-port channel-drop systems consist of an input WG and two output WGs.  The 
input and one output WG are directly connected together creating the bus WG.  The second 
output WG is the drop WG.  When a wave enters the input guide it will travel along the WG 
until it reaches the resonator.  At that point the resonant frequency is transferred from the bus 
to the resonator and the remaining frequencies continue down the bus to the output.  Then, 
frequency in the resonator is coupled into and travels down the drop guide.  One type of 3-
port system is shown in Fig. 1.12.  Drop efficiencies of up to 80% have been measured in 3-
port, 2-D PC slab channel-drop filters.49 
 Noda created a 3-port vertical surface emitting channel-drop filter in a 2-D PC slab.  
This system consisted of a bus WG and a resonant cavity.  When the frequency was 
transferred from the bus WG into the resonant cavity it would resonate until it was emitted 
out the z direction of the cavity.  Theoretical analysis of the system was performed to 
determine the maximum efficiency.  The maximum efficiency allowed 50% of the power to 
be transmitted vertically out of the defect.  This maximum occurs when the Q of the cavity-
WG coupling equals the Q of the vertical cavity confinement.15 
 Min used the 3-D FDTD method to study a vertical surface emitting channel-drop 
filter in a 2-D PC similar to Noda’s.  Instead of using a single-mode cavity like Noda, Min 
used a two-cavity resonator system to create degeneracy.  The simulations of this system 
resulted in transfer of over 90% of the energy at the resonant frequency, instead of only 
50%.50   
 Four-port channel-drop filters are possibly the most interesting of the four types, since 
resonator geometry can control the direction of the transferred EM wave in the drop guide.  
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These channel-drop filters consist of two WGs separated by a resonator system consisting of 
one or more cavities.  One of the WGs is the bus WG where the EM wave enters and modes 
that are not coupled to the resonator exit.  The second guide is the drop guide where the EM 
waves are coupled to when they leave the resonator. Unlike traveling wave resonators, 
standing wave resonators can drop power in one or two directions.  Direction of the dropped 
EM wave can be controlled with two different types of standing wave resonator systems.  The 
first system utilizes a single multimode defect to create degeneracy.  The second type of 
system uses multiple single-mode cavities to create the degeneracy.  In the case of either type 
of directional dropping resonator system, no reflection will occur in the reverse direction of 
the bus guide due to destructive interference of the modes of the resonator system.50  Fig. 
1.14 shows one type of 4-port channel-drop filter. 
 
 
FIG. 1.14.  Four-port channel-drop filter. 
 Fan and Manolatou theoretically showed that to achieve complete dropping in a two 
state degenerate system the geometry of the structure must contain two mirror planes.  One 
mirror plane must be parallel and the other perpendicular to the WG.  If both states have even 
symmetry with respect to the parallel mirror plane, then forward dropping will occur.  If the 
even state has odd symmetry and the odd state has even symmetry then reverse dropping will 
occur.  Fan’s theoretical study of channel-drop systems also investigated using resonator 
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systems with 2, 4, or 2n single-mode resonators in a 2-D PC to achieve forward power 
transfer in the drop WG.19, 45   
 Drouard studied the use of fast and slow Bloch modes to create channel-drop filters in 
PCs.  The input and output WGs had fast Bloch modes, while the resonator had a slow Bloch 
mode, as determined by looking at the dispersion diagram.  Drouard found that if a cavity is 
long enough the lifetime of the photons in the cavity will be too short for the photons to 
explore the entire cavity, so no Fabry Perot resonances occur.  This makes directional transfer 
possible with a long cavity.  Simulations yielded transfer efficiencies up to 91% for long 
cavities.   These same simulations showed that long cavities are robust to structural 
imperfections.  Drouard also examined short cavities and found the same symmetry 
requirements as Fan.  Simulations of short cavities showed that transfer efficiencies of over 
75% would be difficult to achieve with current fabrication technologies.  Transfer efficiencies 
in short cavities were easily affected by structural imperfections.41 
 Manzacca demonstrated a three-channel multiplexer in a 2-D PC based on contra-
directional coupling in standing wave resonators.  In this multiplexer, degeneracy of the 
resonant modes were obtained by reducing the radius of the air holes bordering the cavity and 
shifting the bordering holes out from the center.  The cavity had both even and odd mode 
symmetry with respect to the axis perpendicular to the WG enabling the maximum amount of 
power to be transferred.  This configuration stopped energy from being reflected backward or 
transmitted forward in the bus.  The direction of the output transfer is determined by the 
symmetry of the resonant mode with respect to the horizontal plane.  If the even mode for the 
transversal symmetry has an odd symmetry with respect to the longitudinal direction the 
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dropped signal propagates in the backward direction. Drop efficiencies of 80% were 
achieved.16 
Literature Review of Cavity-Waveguide Coupling Structures in the 3-D Woodpile 
Photonic Crystal 
Cavity-WG coupling structures in 3-D PCs are very important.  The woodpile 
structure is a 3-D PC that can be fabricated using current semiconductor process technologies 
and it is much simpler to create defects used for resonators and WGs in the woodpile 
structure than many other 3-D structures.  This makes it appealing to study the effects of 
cavity-WG coupling in this structure.  Understanding coupling between WGs using a defect 
or series of defects will lead to the development of devices such as channel add-drop filters 
and multiplexers. 
Bayindir showed that EM energy could be transferred from a WG created by 
removing a section of a single rod to an air cavity adjacent in the same layer or one layer 
above.  This configuration is shown in Fig. 1.15.  Once inside the cavity the mode dropped 
from the bus WG was dropped out the side of the PC.  The transmission spectrum of the bus 
WG had a drop in transmission at the cavity’s resonant frequency verifying that the frequency 
was dropped from the WG into the cavity.  The Q of the cavity was measured to be around 
1000.51 
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FIG. 1.15.  Channel-drop configuration studied by Bayindir.51 
 Kohli performed experimental work on a 2-port channel-drop filter.  The structure 
consisted of an input WG and an output WG created in the same layer with their axes of 
symmetry aligned.  Electromagnetic energy of a specific frequency was transferred from one 
WG to the other by using a resonant cavity centered between and placed four layers above the 
WGs.  The experimental setup is shown in Fig. 1.16.   
 
FIG. 1.16.  Diagram of the experimental setup used by Kohli to measure a 2-port channel-drop filter.52 
This configuration was able to successfully drop modes at the resonant frequency of the 
cavity as shown in Fig. 1.17.   
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FIG. 1.17.  Plot of frequency spectra for a 2-port channel-drop filter showing nearly 100% energy 
transfer at the resonant frequency.52 
Kohli also examined how the amount of cladding above the cavity affects the amount of 
energy transferred.  These results are shown in Fig. 1.18.   
 
FIG. 1.18.  Plot of the magnitude of the transferred mode with a varying number of cladding layers  
above the defect.52 
If the cavity had two or more lattice constants of cladding above it there was no major effect 
on the resonant mode, however if cladding was reduced the amount of energy transmitted to 
the drop WG decreased.52   
 Okano performed calculations using the PWE method and the FDTD method to 
determine the coupling between a cavity and a WG.  In one set of simulations the cavities and 
27 
WGs had the same axis of symmetry and were in the same plane.  In this configuration no 
modes were able to couple between the WG and the cavity.  This lack of coupling is due to 
the difference in symmetry between the cavity and WG modes.  Okano continued by 
performing calculations on a structure where the point defect was offset from the WG and 
found that modes were able to couple from the WG to the cavity.  Okano then changed the 
distance from the end of the WG to the middle of the cavity.   
 
FIG. 1.19.  (a) Pictorial representation of shifting the WG away from the cavity.  (b) Dependence of Q on 
the position of the end of the WG with respect to the cavity.37 
Figure 1.19a shows a diagram of the experimental WG and cavity arrangement.  This resulted 
in spikes of enhanced Q when the mode at the end of the WG best matched the mode on the 
side of the cavity toward the WG, as shown in Fig. 1.19b. Figures 1.20, and 1.21 show the 
FDTD simulation of the system and the WG positions resulting in maximum Q.  Finally, he 
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examined coupling to a defect one layer above the WG and found a similar dependence of Q 
on position of the end of the WG from the middle of the cavity.37  
 
FIG. 1.20.  FDTD simulation of cavity offset from WG.37 
 
 
FIG. 1.21.  Contour plot showing lines where Hz =0 and coupling to the defect is optimal.37 
 Liu experimentally studied a 3-port channel-drop system consisting of a bus WG, a 
cavity, and a drop WG.  The drop WG is perpendicular and one layer above the bus WG.  
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The drop configuration is the same as that demonstrated by Bayindir51, except Liu transfers 
the cavity’s energy to a WG instead of transferring it out the side of the crystal.  The cavity 
was placed two lattice constants away from each of the WGs.  Liu also reported a change in 
transferred mode frequency with cavity size, as shown in Fig. 1.22.  Transmission of about 
100% was achieved from the bus to the drop guide at the resonant frequency.  All of the 
transferred frequencies were within the first mode of the X-WG.53 
 
FIG. 1.22.  Variation in transfer frequency with cavity size.53 
 
Dissertation Organization  
This work is in three parts.  Chapter two discusses how the properties of a point 
defect cavity, can be changed by changing the physical parameters of the PC surrounding the 
cavity.  The effects of cavity size, material permittivity, lattice disorder, incident EM wave 
polarization, and material absorption on a cavity’s resonant frequency, Q, and magnitude will 
be examined.  In chapter two, I performed the experimental work and TMM calculations for 
changes in cavity size of alumina filled cavities, cavity permittivity, polarization of the 
incident EM radiation, and for cavities with EM radiation incident the PC in the y direction.  I 
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also performed the TMM calculations for changes in lattice constant and material absorption.  
Chapter three provides greater detail on the effects of defect material permittivity on a 
cavity’s parameters.  It shows how mode shape will remain constant with permittivity even as 
frequency changes.  Sub-lattice defects are discussed in much greater detail in this chapter 
than in chapter two.  For chapter three I designed the experiments, performed the 
experimental work, and performed the TMM calculations .  Chapter four proposes six 
different channel-drop filter configurations.  Two configurations contain the WGs and cavity 
in one layer.  Another configuration consists of two WGs that run perpendicular to each 
other.  The last three configurations consist of WGs parallel to each other and separated by 
layers of PC in the stacking (z) direction.  Five out of the six configurations worked 
reasonably well. Anthony Barsic assisted me with the experimental measurements.  Ming Li 
helped me learn to use TMM calculation software and performed a few of the simulations. 
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Abstract 
 Properties of cavity defects in the three-dimensional woodpile photonic crystal were 
examined using microwave scale experiments and transfer-scattering matrix method 
calculations.  Fine tuning of resonant frequencies was achieved by changing the size of a 
defect or the material composition of the defect.  The effect of cavity confinement on Q and 
resonant frequency was investigated.  Calculations were performed for material absorption 
and slight variations in unit cell size to determine the significance of these parasitic effects.  
Polarization of the incident electromagnetic radiation was also examined to determine its 
effect on Q, resonant frequency, and transmission magnitude.    
Introduction 
 Photonic crystals (PCs) are of great interest due to their ability to control the flow of 
electromagnetic waves (EM).  This ability is due to the existence of a photonic bandgap.1    
One major application for PCs is photonic integrated circuits (PICs).  Understanding the 
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various methods of controlling a cavity defect’s properties will be critical when engineering 
devices such as band-pass filters2, channel-drop filters3-4, cavity coupled waveguides5, and 
multiplexers6.  Three-dimensional (3-D) PCs are of special interest, since they can be utilized 
to make complex 3-D PICs.   In this letter, factors affecting major cavity defect properties, 
such as resonant frequency, Q, and transmission magnitude, will be examined.   
Experimental Setup 
 Microwave scale experiments were performed on a 3-D woodpile or layer-by-layer 
photonic crystal.  The PC structure can be seen in Fig. 2.1.7  A microwave scale PC was 
chosen due to the relative ease of fabrication and the ability to easily change parameters, such 
as defect size and material, without fabricating an entirely new PC.  The PC was fabricated 
from 3.2 mm square alumina rods, which had a measured relative permittivity of 9.0 ± 0.6.  
The lattice constant was 10.7 mm in the x and y directions and 12.8 mm in the z direction.  
This geometry yielded a filling ratio of 29.9%.  The complete photonic bandgap of this PC 
ranged from 11.2 to 13.3 GHz. 
   
FIG. 2.1.  (a) Eight layers of the woodpile photonic crystal with a solid cavity defect in the top layer.  Sub-
lattice defect geometries investigated include:  (b) vertical y-planes, (c) vertical x-planes, (d) vertical 
rectangles, (e) cubes, and (f) horizontal planes.  For (b) – (f) the dark material is alumina and the light 
material is EPS. 
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 Measurements were performed using a set of Narda 639 horn antennas connected to 
an HP 8510B network analyzer.  Two different experimental setups were used depending on 
the direction of incident EM wave propagation.  Figure 2.1 shows how the x, y, and z 
directions relate to the PC geometry.  Horn antennas were placed < 3 mm away from the PC.  
For the measurement with the EM radiation incident in the y direction, microwave absorbing 
foam was placed on the top and bottom of the PC and around the horn antennas.  For the 
measurement with the EM radiation incident in the z direction microwave absorbing foam 
was placed around the transmitting antenna.  Figures 2.2 and 2.3 outline the experimental 
configurations for EM radiation in the y and z directions respectively.   
 
FIG. 2.2.  (a) Isometric and (b) section cut AA views of the experimental setup for performing cavity 
measurements with EM radiation propagating in the y direction. 
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FIG. 2.3.  (a) Isometric and (b) section cut AA views of the experimental setup for performing cavity 
measurements with EM radiation propagating in the z direction. 
Calculation Setup 
Calculations were performed to verify the trends observed in the experiments.  The 
transfer-scattering matrix method (TMM) employing the higher-order-index technique and 
rational function interpolation was used to calculate the theoretical performance of the 
cavities.8, 9, 10  All defect calculations were performed with the defect in the center of a 5X5 
supercell to provide sufficient defect isolation while maintaining a reasonable calculation 
time.  Use of the 5X5 supercell limited the maximum defect size to ~ 3 unit cells (uc) long.  
This limitation occurred due to coupling between defects in adjacent supercells if larger 
defects were used.  Figure 2.1 shows a 2 uc tall 5X5 supercell with a gray box in the top 
layer, representing a cavity defect. 
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Defect Excitation in the Y Direction   
Measurements with the plane wave incident the PC in the y direction were made for 
two electric field (e-field) polarizations and two types of defects.  For this series of 
experiments, the PC was 22 layers thick and the defect was located in layer 11.  Horizontally 
the defect was located in the center of a 14.5 uc wide by 28.5 uc long PC.  First, the 
properties of air defects were explored.  Air defects are created by removing a section of a 
rod leaving the space filled with air, which has ε ~ 1.  Cavity size was varied from .25 to 3 uc 
with the E-field polarized in the x and z directions.  No modes were excited with the E-field 
polarized in the x direction.  Cavity modes were excited with the E-field polarized in the z 
direction.  Figure 2.4 compares a typical experimental defect spectrum to a TMM calculated 
spectrum. 
 
FIG. 2.4.  Comparison of a typical experimental spectrum to a TMM calculated spectrum 
  These results are in good agreement with a slight deviation in peak frequency of the 
lower frequency modes.  Deviations between the experiments and calculations can be caused 
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by many things including:  lattice disorder, differences in lattice constant between the 
experiment and calculation, finite size of the experimental PC, or loss in the alumina rods.  
Figure 2.5 shows how the resonant frequency changes with the size of the cavity defect.  As 
the cavity size increases the resonant frequency increases and additional modes are 
introduced.  The experimental data and calculations are in good agreement.  Foresi explained 
that increases in resonant frequency occur because removing a section of high dielectric 
region lowers the permittivity of the defect region.11 
 
FIG. 2.5.  Relationship between resonant frequency and cavity size for an EM wave propagating in the y 
direction with the electric field in the z direction through a PC with an air defect. 
Alumina cavities were the second type examined.  These were made by simply adding 
alumina to the PC to yield a defect as shown in Fig. 2.1a.  Measurements were made for 
cavity sizes from .32 cm (~.299 uc) to 3.2 cm (~ 2.99 uc) in .32 cm (1 alumina rod thickness) 
increments.  Once again EM radiation polarized in the x and z directions were used.  No 
modes were excited for either polarization. 
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Defect Excitation in the Z Direction 
The remainder of the experiments performed in this paper were done with the EM 
radiation incident in the z direction.  Air defects were measured with the e-field polarized in 
the x and y directions.  Cavity modes were only excited when the e-field was polarized in the 
y direction.  Figure 2.6 shows that the resonant frequency increases and additional modes are 
introduced as the size of the cavity increases.  The experimental and calculated data match 
reasonably well. 
 
FIG. 2.6.  Relationship between resonant frequency and cavity size for an EM wave propagating in the z 
direction with the electric field in the y direction through a PC with an air defect. 
Alumina defects were measured with the e-field polarized in the x and y directions.  
Cavity modes were excited for both of these polarizations.  Figures 2.7 and 2.8 both show a 
decrease in resonant frequency with an increase in cavity size.  Modes excited with the e-field 
in the x direction were the most intense modes.  This trend of decreasing resonant frequency 
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for increasing high dielectric cavity size is believed to be caused by an increase in the average 
permittivity of the defect.11   
 
FIG. 2.7.  Relationship between resonant frequency and cavity size for an EM wave propagating in the z 
direction with the electric field in the y direction through a PC with an alumina (ε=9) defect. 
 
FIG. 2.8.  Relationship between resonant frequency and cavity size for an EM wave propagating in the z 
direction with the electric field in the x direction through a PC with an alumina (ε=9) defect. 
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In both cases the experimental data collected matches the calculated data reasonably 
well, but there appear to be cavity modes missing in the experimental data.  This is likely due 
to the incident EM radiation not having the ability to couple to the cavity due to differences 
in mode shape.  However, missing modes could also occur due to loss within the alumina 
rods or the noise floor of the measurement occurring between -60 and -70dB in the 
experiment.  For the calculations the noise floor is much lower (-150 to -200dB), so some of 
the weak modes found in the calculation will be below the noise floor of the measurement.   
Defect Permittivity Variations 
Assuming that a defect’s resonant frequency changes due to the increase or decrease 
in permittivity in the defect region, the next set of experiments performed maintained a defect 
size of 1 uc and changed the relative permittivity of the defect material.  For this series of 
experiments an 18 layer thick PC was used.  Solid defects of varying permittivity were made 
from Emerson & Cumming Microwave Products ECCOSTOCK HiK material.  The materials 
used in this experiment had relative permittivities of 3, 5, 7, and 9 ±3%.  Figure 2.9 shows 
the relationship between resonant frequency and defect permittivity for all e-field 
polarizations for an EM wave propagating in the z direction.   
As expected, the resonant frequency decreases as the permittivity of the defect 
increases.  The TMM calculation results are similar to the experimental results, but their 
differences are not simply a linear shift.  One reason for this is that TMM calculations were 
performed with a lattice constant of 1.04 cm instead of the actual PC lattice constant (1.07 
cm) to take advantage of symmetry and keep the calculation’s grid size small, so that the 
calculation time was reasonable.   
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FIG. 2.9.  Relationship between resonant frequency and a defect’s permittivity for an EM wave 
propagating in the z direction for all electric field polarizations through a PC with a 1 uc defect. 
Lattice Constant Variations 
The effects of lattice constant on resonant frequency were examined using TMM 
calculations.  The resonant modes of a 1 uc alumina defect were calculated for four different 
lattice constants and the results are shown in Fig. 2.10.   
 
FIG. 2.10.  TMM calculations showing the change in resonant frequency with a change in lattice constant 
for three modes of a 1 uc alumina (ε=9) defect. 
Each of the three modes present decrease in resonant frequency as the lattice constant 
increases, however each mode decreases at a different rate.  This causes the frequency 
separation between resonant modes to change. 
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Sub-lattice Defects 
Another way to change the permittivity of a defect is to create a sub-lattice defect.  
Sub-lattice defects are made from the same two materials as the PC.  These two materials are 
ordered in some fashion with features much smaller than the wavelength of EM radiation and 
thus much smaller than the PC’s lattice constant.  This allows the EM wave to see an 
effective defect permittivity that is somewhere between the permittivity of the PC’s lattice 
materials.  The various sub-lattice defect structures that have been examined are shown in 
Fig. 2.1b-f.12  For the experiments it was necessary to replace air in the sub-lattice defect with 
a material that could structurally hold the alumina bars in the desired position.  This was done 
by using expanded polystyrene (EPS), which has a permittivity between 1.02 and 1.04.13  To 
verify its ability to be substituted for air, a 1 uc air defect was measured, then filled with EPS 
and remeasured.  The resulting resonant frequencies were the same within the error bars of 
the measurement system.  The average relative permittivities of the sub-lattice defects were 
calculated using the following equation:  TotalbbTotalaaAverage VVVV ×+×= εεε
.
  In this 
equation, VTotal, Va, and Vb are the volumes of the total defect, material a, and material b 
respectively.  The permittivities of materials a and b are εa and εb respectively.  To determine 
the average relative permittivity of the experimental sub-lattice defects the alumina bars were 
fabricated, measured, and their total alumina volume was calculated.  The remainder of the 
defect volume was EPS.  The experimental alumina bar thickness was about 17.5% of a 
lattice constant.  For the TMM calculations, the alumina bar thicknesses were about 15% of a 
lattice constant.  The average permittivities and lattice constants of the experiments and 
calculations differed for practical reasons.  The differences occur because alumina is difficult 
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to machine, so obtaining bars of a non-standard size is difficult.  Also, it is important for the 
structure used in calculations to have symmetry and a reasonable grid size to obtain a 
reasonable calculation time.  Figure 2.11 shows the relationship between the average relative 
permittivity of a vertical y plane type (Fig. 2.1b) sub-lattice defect and the resonant frequency 
for all e-field polarizations.   
 
FIG. 2.11.  Relationship between resonant frequency and a defect’s average permittivity for an EM wave 
propagating in the z direction for all electric field polarizations through a PC with a 1 uc vertical y plane 
sub-lattice defect. 
The trends shown in the experiments and calculations agree well and show the 
expected decrease in resonant frequency with an increase in average relative permittivity.  
The other sub-lattice defects also showed a decrease in resonant frequency with an increase in 
average relative permittivity; however the resonant frequencies did not occur in the exact 
same positions, indicating that the resonant frequency for a sub-lattice defect is partially 
dependent on the structure of the defect in addition to the average relative permittivity.    
Confinement of Defects 
Defect confinement is another design parameter that affects the resonant frequency 
and Q of a cavity.  Confinement effects were examined in the x and the z directions.  First 
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confinement is explored in the z direction in 1 layer (1/4 uc) increments.  Figures 2.12 and 
2.13 show the effect of vertical cavity confinement on a cavity’s resonant frequency and Q 
respectively.  The horizontal axis in each of these plots displays the cavity configuration.  For 
example a configuration of 7-1-8 means that there are seven layers of cladding on top of the 
cavity layer, then one cavity layer, and eight layers of cladding below the cavity layer.   
 
FIG. 2.12.  Relationship between resonant frequency and the number of cladding layers surrounding the 
defect in the z direction. 
Figure 2.12 shows that the resonant frequency increases as cavity confinement 
increases until there is a minimum of six layers of cladding.  Once there are six layers of 
cladding, the resonant frequency becomes fairly constant.  The calculated result shows the 
same trend as the experimental result; however the frequency is systematically lower than the 
experimental result.  This could be explained by a difference between the alumina 
permittivity in the experiment and the calculation.  Increases in cavity confinement cause 
exponential increases in cavity Q, which is consistent with an electromagnetic wave 
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tunneling through a barrier.14  In this case, the experimental Q values are lower than the 
calculated values.  This is due to loss in the alumina rods, disorder in the PC lattice, and 
reduced horizontal confinement.   
 
 
FIG. 2.13.  Relationship between cavity Q and the number of cladding layers surrounding the defect in 
the z direction.  The inset shows how the peak shape changes with the number of cladding layers.  The 
top spectrum of the inset has the fewest layers of cladding. 
Cladding thickness in the direction of the e-field was also found to make a significant 
difference.  The PC used for this experiment was 14.5 uc in the y direction, 28.5 uc in the x 
direction, and 5.5 uc (22 layers) in the z direction.  The cavity was centered in the x and y 
directions and in layer 11.  When the defect was created in a rod in the x direction cavity Q 
was ~6000; however when the same defect was created in a rod in the y direction the cavity Q 
was only ~3000.  This suggests that confinement in the direction parallel to the e-field is 
more important than perpendicular to the e-field.    
Confinement effects on Q were also explored in the y direction.  In this case, the 
confinement was changed in increments of 1 uc.  Figure 2.14 shows the effects of horizontal 
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confinement on cavity Q.  As expected, there is an exponential dependence between 
confinement and Q.  Once again the experimental Q values are lower than the calculated 
values due to reduced vertical confinement in the experiment.  The maximum value of Q, 
~2900, is the same, within error bars, as the Q measured in the z direction.   
 
FIG. 2.14.  Relationship between cavity Q and the number of unit cells of cladding surrounding the defect 
in the y direction. 
Loss in Defect Material 
Loss in the lattice materials can also affect the Q and transmission magnitude of a 
cavity.  TMM calculations were performed on a 1 uc cavity with a permittivity of 9 to gain 
some insight into the effects of material losses.  For this group of calculations the loss tangent 
of the high dielectric material was varied from 10-4 to 10-1.  Figures 2.15 and 2.16 show how 
loss affects the Q and magnitude of the three resonant modes.  The dominant mode is most 
significantly affected.  For a loss tangent of 10-4 it has a Q of ~3900 and magnitude of -34 dB 
and for a loss tangent of 10-3 if has a Q of 2200 and a magnitude of -43dB.  By the time the 
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loss tangent is greater than 10-2 the peak is no longer present.  This underscores the 
importance of using low loss materials in PC devices.    
 
 
FIG. 2.15.  TMM calculations showing the dependence of the cavity Q on the loss tangent of the high 
dielectric constant lattice material. 
 
FIG. 2.16.  TMM calculations showing the dependence of the cavity mode magnitude on the loss tangent 
of the high dielectric constant lattice material. 
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Polarization Effects on Coupling to Defect Modes 
The effects of e-field polarization were studied, with a plane wave propagating in the 
z direction, to determine the effect of incident EM wave polarization on cavity properties.  
This experimental setup is the same as the one shown in Fig. 2.3 except the horn antennas 
were placed on a stepper motor and data was collected in 1 degree increments.  Two different 
PCs sizes were used to verify the results.  The first PC was 22 layers thick, 14.5 uc wide, and 
28.5 uc long.  The second PC used was 22 layers thick, 28.5 uc wide, and 28.5 uc long.  The 
results were the same for both PC sizes.  Measurements were made from 0 to 180 degrees to 
verify that the spectrum was symmetric if a reflection plane was placed at 90 degrees.  A 
symmetric magnitude spectrum was achieved after careful alignment of the horns with the 
cavity in the PC.  In Fig. 2.17, the TMM calculation results show that the frequency is 
constant from 0 to 89 degrees.  Calculations show the peak disappearing at 90 degrees.  The 
experimental data shows that the frequency is fairly constant at 12.375 GHz with slight 
deviations between 35 and 45 degrees and the peak no longer exists after 87 degrees.   
Figure 2.18 shows how magnitude changes as the polarization angle is varied.  An 
angle of 0 degrees yields the greatest intensity in the calculation.  In the experiment the 
maximum occurred at about 35 degrees.  There were also relative minima at 0, 43, and 90 
degrees.  At 30 degrees the H-field pattern from the horn antennas see the largest cavity 
radius possibly allowing more EM radiation to couple to the cavity mode.  This could explain 
the experimental relative maximum at 35 degrees.  The relative minimum at 43 degrees may 
be caused by poor h-field coupling.  Between 35 and 45 degrees the h-field coupling is 
transitioning from coupling primarily to the h-field in the x direction (Hx) to the h-field in the 
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y direction (Hy).  Since the mode shape of Hx and Hy do not overlap, ~43 degrees will be the 
point of poorest coupling to the h-field.   
 
FIG. 2.17.  Relationship between resonant frequency and electric field polarization angle. 
 
FIG. 2.18.  Relationship between peak magnitude and electric field polarization angle. 
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Cavity Q is theoretically constant, except at 90 degrees where the peak no longer 
exists, as shown in Fig. 2.19. This is expected since the loss in the system due to material 
losses or cladding surrounding the cavity has not changed.  This is true experimentally as 
well, except for the region between 35 and 45 degrees where the magnitude decreases.  The 
reduction in Q is most likely not a reduction in Q at all, simply the peak falling under the 
noise level of the measurement system.   
 
FIG. 2.19.  Relationship between cavity Q and electric field polarization angle. 
Conclusion 
This paper has focused on the manipulation of the properties of cavity type defects in 
the 3-D woodpile PC.  It has been shown that the fine tuning of resonant frequencies is 
possible by changing the length of a cavity, the dielectric material a cavity is made of, or 
using a sub-lattice defect.  The effects of loss due to absorption in the material or leakage out 
of the PC on resonant frequency and cavity Q have also been investigated.  Finally the effects 
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of incident EM wave polarization on cavity Q, resonant frequency, and peak magnitude have 
been presented.  
Ames Laboratory is operated for the Department of Energy by Iowa State University 
under Contract No. W-7405-ENG-82. 
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Appendix.  Mode Shape of the H-Field of a 1 uc Air Defect  
 
FIG. 2.20.  (a) H-field in the x-direction and (b) H-field in the y-direction for a 1 uc air defect. 
 
 Figure 2.20 shows that the h-field in the x direction and the h-field in the y direction 
for a 1 uc air defect have only weak coupling to the each of their components in the region of 
about 35 to 45 degrees.  The most intense parts of the h-fields do not overlap at all.  This 
creates a transition region from about 35 to 45 degrees where the coupling to the defect 
decreases.  A decrease in coupling to the mode causes the magnitude to decrease.   
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CHAPTER 3.      EFFECTS OF DEFECT PERMITTIVITY ON RESONANT 
FREQUENCY AND MODE SHAPE IN THE THREE-DIMENSIONAL 
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Iowa State University, Ames, Iowa 50011  
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 Abstract 
Tuning the resonant frequency of a 1 unit cell defect across the bandgap of a three-
dimensional woodpile photonic crystal (PC) was achieved by altering the defect’s 
permittivity.  Experiments were performed at microwave frequencies and calculations were 
made using the transfer-scattering matrix method (TMM).  Defect permittivity was varied by 
using solid materials of different permittivities or by constructing structures smaller than a 
lattice constant from the materials used to fabricate the PC. These small structures, which 
will be referred to as “sub-lattice defects”, produce an effective permittivity between their 
two materials’ permittivities.  Changes in mode shape with resonant frequency and 
permittivity were also examined using TMM calculations.   
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Introduction  
 Since their conception, photonic crystals (PCs) have been an area of immense interest 
due to their ability to control the movement of electromagnetic (EM) waves.  Cavities are one 
of the major building blocks of compact photonic integrated circuits for use in applications 
such as optical communications.  Methods for controlling the resonant frequency of defects 
made from the PC’s lattice materials have been studied previously in both two-dimensional1-2 
and three-dimensional2-3 (3D) PCs.  Manipulation of a defect’s resonant frequency will be 
critical in the future when PCs are used to create devices such as band-pass filters4, channel-
drop filters5-6, cavity coupled waveguides (WGs)7, and multiplexers8. 
 Previous research has demonstrated that the resonant frequency of a cavity defect 
mode can be shifted by increasing or decreasing the size of a defect.4-7  In this letter, we 
examine how a defect’s permittivity can be used to shift the resonant frequency in a 3D 
woodpile PC.   
Experimental Photonic Crystal 
The PC was fabricated from 3.2 mm square alumina rods with a measured refractive 
index of 3.0 ± 0.1.  The lattice constant was 10.7 mm in the x and y directions and 12.8 mm 
in the direction, which yielded a filling ratio of 29.9%.9  The complete bandgap ranged from 
11.2 to 13.3 GHz.  Measurements were made using a set of Narda 639 horn antennas 
connected to an HP 8510B network analyzer.   Microwave absorbing foam was placed 
around the transmitting horn to keep microwaves from leaking around the outside of the PC.  
All experiments were performed on a 22 layer thick PC with a 1 unit cell (uc) defect in layer 
11, as shown in Fig. 3.1.   
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FIG. 3.1.  (Color online) (a) 3-D view of the experimental setup.  (b) Experimental setup viewed at cut 
section AA. 
Calculation Setup 
 Calculations were performed on a 5X5 supercell with a lattice constant of 10.4 mm 
using the plane-wave based transfer-scattering matrix method (TMM) employing the higher-
order index technique and rational function interpolation.10,11,12  A lattice constant of 10.4 
mm was chosen to decrease the calculation time by reducing the grid size necessary to 
maintain x-y mirror symmetry of the supercell.  Plots comparing calculated to experimental 
data only include calculated modes that were excited in the experiment.    
Experimental Setup 
 Cavity defects were created by removing a 1 uc section of rod in the center of the PC 
and filling the space with a solid dielectric material or sub-lattice defect.  Figure 3.2(a) shows 
a schematic drawing of the PC with a 1 uc sub-lattice defect in the top layer.  Solid defects 
were made from Emerson & Cuming Microwave Products ECCOSTOCK HiK material.  The 
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materials used for this experiment had permittivities of 3, 5, 7, and 9 with an accuracy of 
±3% and a loss tangent less than 0.002.13  Sub-lattice defects were made from alumina and 
expanded polystyrene (EPS).  Expanded polystyrene was chosen since it is rigid 
 
FIG. 3.2.  (Color online) Schematic drawings of (a) a PC containing a sub-lattice defect, (b) a vertical y 
planes sub-lattice defect, (c) a vertical x planes sub-lattice defect, (d) a vertical rectangles sub-lattice 
defect, (e) cubes sub-lattice defect, (f) horizontal planes sub-lattice defect, and (g) a solid defect. 
enough to hold the alumina bars in the desired position and it has a permittivity between 1.02 
and 1.04, which is close to the permittivity of air.14  To verify that EPS would work as a 
structural substitute for air in the sub-lattice defects, experimental data was collected for 1 uc 
cavities of air and EPS.  Air and EPS have the same resonant frequency within the error bars 
of this measurement system.  All frequency data collected with this measurement setup were 
accurate within ±0.4%   Sub-lattice defects had periodic features, which were smaller than 
those of the PC lattice and the wavelengths of EM waves within the bandgap. Figures 3.2(b)-
(f) show the different sub-lattice defect configurations explored in this paper.   
Solid Defects 
 Transfer-scattering matrix method calculations were used to explore how modes 
moved and changed as permittivity changed for a solid defect.  Figure 3.3 indicates that the 
resonant frequency of a given mode will decrease in frequency with minimal change in mode  
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FIG. 3.3.  (Color online) TMM calculations showing the relationship between mode shape, resonant 
frequency, and permittivity of a solid defect. 
shape for an increase in permittivity.  This implies that if a given mode shape can be excited 
the resonant frequency of that mode can be tuned to any frequency within the bandgap just by 
changing the permittivity of the defect.  The relationship between resonant frequency and 
defect permittivity for solid defects is shown in Fig. 3.4.  As the permittivity is increased the 
resonant frequency of the modes decrease and the number of modes increase.  The calculated 
and experimental results show a similar trend, but actual values are different.  Errors are 
introduced by differences in the lattice constant used in the experiment and calculation, 
differences in the permittivity of the alumina in the experiment and calculation, and disorder 
within the experimental PC.  Transfer-scattering matrix method calculations performed for 
PCs with lattice constants ranging from 10.4 mm to 10.8 mm explained that a specific 
mode’s resonant frequency will change linearly with lattice constant, but the frequencies of 
different modes change at different rates.  For a 1% change in lattice constant a mode’s 
frequency was shown to change 0.13 - 0.46%, which corresponds to a frequency shift of 
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0.016-0.057 GHz.  This could explain why there is not simply a systematic vertical shift in 
the experimental data with respect to the calculated data.   
 
FIG. 3.4.  (Color online) Comparison of experimental and TMM calculated results for a solid 1 uc defect 
with varying permittivities. 
Sub-lattice Defects 
 Sub-lattice defects were categorized by their structure and average relative 
permittivity.  Average relative permittivity was calculated using the following equation: 
TotalbbTotalaaAverage VVVV ×+×= εεε .  In this equation, VTotal, Va, and Vb are the volumes of 
the total defect, material a, and material b respectively.  The permittivities of materials a and 
b are εa and εb respectively.  Figure 3.5 shows the TMM calculation results for six sub-lattice 
defects.  In these simulations the widths of individual alumina pieces were about 4% of a 
lattice constant.  Notice that the peaks are not decreasing in frequency in order of their 
permittivity.  This suggests that in addition to the change in average permittivity caused by  
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FIG. 3.5.  (Color online) TMM calculations comparing one mode of six different sub-lattice defects with 
similar average relative permittivities. The defect configurations being compared are (a) vertical y planes 
(εAvg = 3.57), (b) solid (εAvg = 3.2), (c) horizontal planes (εAvg = 3.02), (d) vertical rectangles (εAvg = 3.69), 
(e) cubes (εAvg = 3.69), and (f) vertical x planes (εAvg = 3.49). 
the sub-lattice defect, the fine structure also affects the frequency and weakly affects the 
mode shape.  Experimental and calculated data was collected for the vertical x and vertical y 
sub-lattice defect configurations as shown in Figs. 3.6 and 3.7.  Experimental and calculated 
data points were not collected at exactly the same average permittivities due to the difficulty 
of machining alumina and the need for symmetry in the calculations to maintain a reasonable 
calculation time.  The experimental defects were made and then the amount of alumina 
included in the defect was measured to determine the average permittivity.  Individual 
alumina planes were about 17.5% of a lattice constant wide in the experiment and about 15% 
of a lattice constant wide in the calculation.  The experimental average permittivities of the 
sub-lattice defects were accurate to ±5%.  Trends in the calculated and experimental data 
were similar for both sub-lattice defect configurations.  Like the solid defects, the resonant 
frequencies decrease and the number of modes excited increase with an increase in 
permittivity.  The actual resonant frequencies for different sub-lattice defects at a given 
average permittivity are not identical and did not match the solid defects.  However, each 
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type of defect examined would be able to be used as a resonator for almost any frequency 
within the bandgap providing the average permittivity was chosen correctly. 
 
FIG. 3.6.  (Color online) Comparison of experimental and TMM calculated results for a 1 uc vertical x 
plane type sub-lattice defect with varying average permittivities. 
 
FIG. 3.7.  (Color online) Comparison of experimental and TMM calculated results for a 1 uc vertical y 
plane type sub-lattice defect with varying average permittivities.  The circled point contains two separate 
modes, which diverge and become the two middle modes for the simulated points at εavg = 8.11. 
Conclusion 
 In conclusion, by varying the permittivity of a defect the resonant frequency of a 
specifically shaped mode can be tuned to nearly any frequency within the bandgap of the PC.  
Defects can be made from a solid dielectric material or from multiple materials arranged 
65 
together with sub-lattice sized features.  Sub-lattice defects enable tuning to resonant 
frequencies where solid dielectric materials of the required permittivity are not available.  
This will enable filters, multiplexer, channel-drop filters, and other optical devices to be 
realized at any frequency within the bandgap of the PC.   
Ames Laboratory is operated for the Department of Energy by Iowa State University 
under Contract No. W-7405-ENG-82. 
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Appendix.  Comparison of Expanded Polystyrene and Air Filled Cavities 
 
FIG. 3.8.  Plots comparing the resonant frequency of a defect filled with EPS to air. 
 
Expanded polystyrene (EPS) was determined to be an acceptable substitute for air in 
sub-lattice defects since the permittivity of air and EPS are ~1.  Figure 6.1 shows the spectra 
of a 1 uc defect filled with air and EPS.  The response of the two materials is the same within 
the error bars of the experimental setup.   
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Abstract 
Waveguide to waveguide frequency transfer was observed in four-port channel-drop 
filters based on the woodpile photonic crystal structure.  Six arrangements of the cavities and 
waveguides were fabricated and measured at microwave frequencies.  Channel-drop filters 
arranged horizontally, in a single layer, and vertically, in many layers, were examined.  
Frequency transfer was demonstrated in a vertical channel-drop filter with perpendicular bus 
and drop waveguides.  The quality factor of the transfer could be controlled by changing the 
amount of photonic crystal between the waveguides and cavity.  Quality factors from 1000 – 
5000 were measured.   
Introduction 
 Photonic crystals (PCs) have demonstrated an unparalleled ability to control the flow 
of light, which can be attributed to the photonic bandgap.1  This ability has created 
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considerable interest in PC devices and their use in photonic integrated circuits.  The 
characteristics of line defect waveguides (WGs)2,3 and point defect cavities4,5 have been 
examined extensively in two (2-D) and three-dimensional (3-D) PCs.  Waveguides and 
cavities are the building blocks for many different photonic devices such as band-pass 
filters6, channel-drop filters (CDFs)7-9, cavity coupled WGs10, multiplexers11, and matching 
networks12.  A substantial amount of research on three7 and four-port8 CDFs has been 
performed with 2-D PCs.  Unfortunately, 2-D PCs intrinsically leak electromagnetic (EM) 
radiation out the vertical direction.  One way to overcome this problem is to use a 3-D PC, 
since it confines EM radiation in all three dimensions.  However, only a handful of CDF 
configurations have been explored in 3-D PCs.6,9,13,14  
 Channel-drop filters are devices that transfer EM energy of a specific frequency from 
one WG to another.  They consist of three parts:  a bus WG, a PC cavity or micro-ring 
resonator, and a drop WG.  The bus WG typically carriers many different frequencies and the 
drop WG only carries EM energy at frequencies transferred out of the bus WG.  The two 
types of CDFs utilize a PC cavity or micro-ring resonator to transfer energy from the bus WG 
to the drop WG.  The transferred EM energy’s frequency and bandwidth can be controlled by 
changing the physical properties of the PC cavity or micro-ring resonator.  In this letter we 
will focus on CDFs using a PC cavity to perform the energy transfer.   
Experimental Setup 
 The CDFs examined in this letter were fabricated in the 3-D woodpile or layer-by-
layer structure first described by Ho et al.15  The PC structure was made from 3.2 mm 
alumina rods with a measured refractive index of 3.0 ± 0.1.  The lattice constant was 10.7 
70 
mm in the x and y directions and 12.8 mm in the z direction, yielding a filling ratio of 29.9% 
and a complete 3-D bandgap from 11.2 to 13.3 GHz.  Cavities were made by removing 
sections of rod leaving air defects within the lattice.  Waveguides were made by removing 
one entire rod from a layer, a type of WG we denote as an X guide.2   
 Measurements were performed using a 13.3 mm monopole antenna made from UT-
085 semi-rigid coaxial cable.  Semi-rigid cable was chosen since it was not easily bent, 
creating changes in line impedance and reflections in the line.  The mechanical stability of the 
semi-rigid cable also enabled it to be connected to a linear stage, which was used to place the 
antenna inside the PC at the position of optimum coupling.  The antennas were connected to 
an HP 8510B network analyzer.  A TRL calibration kit was designed to calibrate the cables 
and antennas past the connector that coupled the cables to the antennas and up to the place 
where the shielding was cut away on the antennas.  Alumina rods were placed 3 unit cell (uc) 
into the bus WG to keep EM waves from leaking out and coupling into the drop WG from 
outside the PC.  Microwave absorbing foam was placed around the outside of the PC to keep 
radiation from leaking out one end of the drop guide and coupling back in the other end.  
Antennas were placed in the bus WG in the position shown in Fig. 4.1 and slight adjustments 
were made in antenna position using the linear stages to place them in the position of 
maximum coupling.  Care was taken to ensure that antenna placement within the drop guide 
was as close to that of the bus guide as possible.  The forward bus, forward drop (or transfer), 
and reverse drop (or transfer) measurements were made by leaving one antenna stationary on 
the input side of the bus WG and moving the other antenna to every other position.   
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FIG. 4.1.  (Color Online) Experimental setup of monopole antennas within the PC WG. 
Forward bus measurements are made with the second antenna placed in the output of the bus 
WG.  Forward drop measurements are made with the second antenna placed in the drop WG 
on the side opposite the input of the bus WG.  Reverse drop measurements are made with the 
second antenna placed in the drop WG on the same side as the input of the bus WG.    
Horizontal (Planar) Channel-Drop Filters 
 Six different CDF configurations derived from two basic types were examined.  The 
first type is a horizontal CDF because both WGs are located in the same stacking layer.  Two 
variations of the horizontal CDF were examined.  The first configuration was made by 
placing a cavity in the same layer with the WGs, as shown in Fig. 4.2.   
 
FIG. 4.2.  (Color Online) Horizontal four-port CDF with WGs and cavity in the same layer. 
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This structure was experimentally tested with 1, 2, 3, and 4 uc of cladding between each WG 
and the cavity, as shown in Fig. 3.  The vertical PC thicknesses for the horizontal CDFs were 
22 layers with the CDF placed in layer 12.   
 
FIG. 4.3.  (Color Online) Comparison of the forward transfer spectra of the horizontal four-port CDF 
configuration shown in Fig. 4.2 with cavity and WGs separated by 1, 2, or 3 uc and no cavity present. 
Each WG was at least 6 uc from the edge of the PC.  Measurements with no cavity present 
were performed by simply filling the cavity defect with an alumina rod.  So, a horizontal 
CDF with 1 uc of cavity-waveguide (C-WG) separation would have 4 uc of cladding between 
the two WGs when no cavity is present.  Measurements displayed in Fig. 4.3 revealed that a 
separation of 1 uc has too much direct coupling between WGs to discern any coupling due to 
the cavity.  With 2 or 3 uc of C-WG separation EM energy transfer occurred and there were 
10 to 30 dB of contrast between the signal level in the bus guide and the noise floor in the 
drop guide.  For a separation of 4 uc there was a 15 to 40 dB difference between the signal 
level in the bus guide and the noise floor in the drop guide, but no EM energy transfer were 
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observed.  A relationship between cavity size and frequency of the transferred modes was 
measured for the CDFs with 2 and 3 uc of separation, as shown in Fig. 4.4.   
 
FIG. 4.4. (Color Online) Relationship between cavity size and transfer frequency for the configuration 
shown in Fig. 4.2 with (a) 2 uc and (b) 3 uc of C-WG separation.  The blue squares are the forward 
transfer modes and the red diamonds are the reverse transfer modes.  
For an increase in cavity size there was a corresponding increase in transferred frequency.  
This relationship between cavity size and resonant frequency has been previously shown 
experimentally and theoretically3.  Two other features that will be seen throughout the results 
in this letter and addressed later are the absence of some transferred frequencies from the 2 uc 
experiment that occur in the 3 uc experiment or vice versa and nearly every transferred 
frequency occurs in both the forward and reverse direction.   
 The second horizontal CDF configuration consists of two WGs in the same layer with 
a cavity defect centered between in an immediately adjacent layer, as shown in Fig. 4.5.  
Similar to the first horizontal CDF, the optimum configurations for this horizontal CDF 
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occurred when the WGs were separated by 6 to 8 uc.  Figure 4.6 shows the forward drop 
spectra for 6 and 8 uc of WG separation when no cavity is present.   
 
FIG. 4.5.  (Color Online) Horizontal four-port CDF with WGs and cavity in adjacent layers. 
 
FIG. 4.6.  (Color Online) Comparison of the forward transfer spectra of the horizontal four-port CDF 
configuration shown in Fig. 4.5 with the WGs separated by 6 or 8 uc and no cavity present. 
For 6 uc of separation the CDF worked well up to a cavity size of 2.5 uc, as shown in Fig. 
4.7a.  Increases in cavity size above 2.5 uc created many transferred modes.  This is probably 
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due to the close proximity of the cavity to the WG.  This phenomenon is known as resonant 
transmission through a 90 degree bend16.  This bending phenomenon begins to occur in both 
6 and 8 uc CDFs when the cavity ends are approximately 1.8 uc from the WGs.  The 8 uc 
CDF transferred EM energy for various cavity sizes, as shown in Fig. 4.7b, but this transfer 
was very weak (<5dB) for cavity sizes smaller than 1.5 uc.  The quality factors of both 
configurations of the horizontal CDF were ~1000. 
 
FIG. 4.7.  (Color Online) Relationship between cavity size and transfer frequency for the configuration 
shown in Fig. 4.5 with (a) 6 uc and (b) 8 uc separation between the WGs.  The blue squares are the 
forward transfer modes and the red diamonds are the reverse transfer modes.  
Vertical Channel-Drop Filters 
 The second type of CDFs had the WGs stacked vertically.  Four different vertical 
CDF configurations were examined.  Each of these had six layers of PC below the bottom 
WG and above the top WG.  The WGs were also confined horizontally by at least 6 uc of PC.  
The first configuration, shown in Fig. 4.8, had the horizontal positions of the bus WG, drop 
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WG, and cavity aligned.  The second configuration, shown in Fig. 4.9, had the horizontal 
position of the bus and drop WGs aligned with the cavity offset by 1/2 uc.   
 
FIG. 4.8.  (Color Online) Vertical four-port CDF with the centers of the WGs and cavity horizontally 
aligned.  (a) Front view of center cross section.  (b) Top view with sections cut away to show the cavity 
and WG positions.  (The cavity and WG regions have been blackened for clarity). 
 
 
FIG. 4.9.  (Color Online) Vertical four-port CDF with the centers of the WGs horizontally aligned and 
the center of the cavity offset by 1/2 uc.  (a) Front view of center cross section.  (b) Top view with sections 
cut away to show the cavity and WG positions.  (The cavity and WG regions have been blackened for 
clarity). 
 
Vertical CDFs with a C-WG separation of 3, 7, and 11 layers are in the Fig. 4.8 
configuration, while those with a separation of 5 and 9 are in the Fig. 4.9 configuration.  The 
transfer properties of these two configurations are the same.  Figure 4.10 compares the 
forward bus spectra of 3, 5, 7, 9, and 11 layers of C-WG separation to the forward transfer 
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transmission with no cavity present.  The relationship between transfer frequency and cavity 
size is shown in Fig. 4.11.  Figures 4.10 and 4.11 show that three layers of C-WG separation 
is not adequate to eliminate direct coupling between bus and drop WGs.   
 
FIG. 4.10.  (Color Online) Comparison of the forward transfer spectra of the vertical four-port CDF 
configurations shown in Figs. 4.8 and 4.9 with the WGs and cavities separated by (a) 3, 5, 7, (b) 9, and 11 
layers with no cavity present. 
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Five layers provide reasonable separation (10-15 dB), especially for frequencies less than 
12.3 GHz.   Seven layers was the optimum configuration with a good isolation (15-30 dB) 
between the bus and drop guides and the most complete set of transferred frequencies.   Nine 
and eleven layers have excellent isolation (25-30 dB) between the bus and drop guides; 
however some of the weaker transferred frequencies start to disappear.  The quality factor of 
the best transferred modes for 5 layers of separation were over 1000, 7 and 9 layers of 
separation were over 3000, and 11 layers of separation were over 5000.   
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FIG. 4.11.  (Color Online) Relationship between the cavity size and transfer frequency for the 
configurations shown in Figs. 4.8 and 4.9 with (a) 3, (b) 5, (c) 7, (d) 9, and (e) 11 layers of C-WG 
separation.  The blue squares are the forward transfer modes and the red diamonds are the reverse 
transfer modes. 
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 The third vertical CDF configuration is shown in Fig. 4.12.  In this case, the two WGs 
are horizontally offset by 1/2 uc with the cavity centered between the WGs and increasing in 
size perpendicular to the WGs.  This structure was made and tested with 4, 6, 8, and 10 layers 
of C-WG separation.  The experiment with 4 layers of C-WG separation demonstrated very 
weak frequency transfer, but increasing the C-WG separation caused any hint of frequency 
transfer to disappear.   
 
FIG. 4.12.  (Color Online) Vertical four-port CDF with the centers of the WGs offset by 1/2 uc and the 
cavity created by removing a section of a rod perpendicular to the WGs.  (a) Front view of center cross 
section.  (b) Top view with sections cut away to show the cavity and WG positions.  (The cavity and WG 
regions have been blackened for clarity). 
Perpendicular Waveguide Channel-Drop Filter 
 The fourth vertical CDF was made from two perpendicular WGs, as shown in Fig. 
4.13.  The sample measured consisted of the bottom WG separated from the cavity by 8 
layers of cladding and the top WG separated from the cavity by 9 layers of cladding.  This 
configuration had excellent isolation (20-30dB) with transfer mode quality factors over 4000, 
as shown in Fig. 4.14.  The relationship between frequency and cavity size, shown in Fig. 
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4.15, is very similar to the other vertical CDFs despite the WGs travelling in perpendicular 
directions. 
 
FIG. 4.13.  (Color Online) Vertical four-port CDF with WGs perpendicular to each other.  (a) Front view 
of center cross section.  (b) Top view with sections cut away to show the cavity and WG positions.  (The 
cavity and WG regions have been blackened for clarity). 
 
FIG. 4.14.  (Color Online) Typical forward bus, right transfer, and left transfer spectra with two modes 
being transferred for the configuration shown in Fig. 4.13.   
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FIG. 4.15.  (Color Online) Relationship between cavity size and transfer frequency for the configuration 
shown in Fig. 4.13.  The blue squares are the forward transfer modes and the red diamonds are the 
reverse transfer modes. 
Discussion 
 Comparing Figs. 4.4a-b and 4.11a-e it is obvious that the overall trend in frequency 
data appears to be the same; however there are transferred modes present in some 
configurations that are not present in others.  There are two possible explanations for this.  
The first explanation is decreased coupling between the WGs and the cavities, which occurs 
as C-WG separation increases.  Increases in C-WG separation can decrease the amount of 
energy coupled into the cavity, especially for certain modes.  This is analogous to the 
decrease in direct coupling between the WGs as the separation increases.  The second reason 
is that less intense peaks may fall below the noise floor created by the direct coupling 
between the bus and drop WGs.  This occurs when the C-WG separation is small.  In each 
configuration, the most intense frequency points are in all of the different C-WG separations, 
but the less intense frequency points are masked.             
 Directional transfer of EM energy that could be tuned to any frequency in the bandgap 
by changing the cavity size was not observed in any configuration.  There are a few frequency 
points where directional transfer appears to occur, but this is not certain.  Coupling EM 
radiation into and out of the PC is very difficult.  Slight changes in antenna position 
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significantly impact the measured spectrum.  Care was taken when positioning the antennas 
for each measurement and multiple measurements were made for each cavity size and 
configuration to assure the integrity of the data.  However, differences in lattice disorder at 
one end of the drop guide from the other can change the coupling.  Each data set was 
examined carefully to look for trends such as the most intense peak always occurring in the 
forward or reverse transfer direction, but this was not observed.  Differences could easily be 
due to coupling repeatability and disorder in the PC lattice.  The peak positions were 
repeatable to ±0.03GHz.  Also, the combination of poor coupling to the monopole antennas 
and impedance changes at the ends of the finite WGs could cause a directionally transferred 
mode to be reflected back to the other end of the WG and thus detected by both antennas.   
Conclusion 
 Six different CDF configurations have been characterized in the 3-D woodpile PC.  It 
is possible to make CDFs horizontally, vertically, and even between perpendicular WGs.  
Vertical CDFs with 7 or more layers of C-WG separation exhibited little direct coupling 
between WGs and the highest quality factors.  The vertical CDF with perpendicular WGs 
showed little direct coupling between WGs as well and had excellent EM energy transfer 
transmission.  The quality factor was not as high for the horizontal CDFs; however these 
devices would be extremely useful since they are very compact and fabricated in a single 
layer.  Coupling difficulties impair the ability to determine if directional transfer does occur, 
however there is definitely energy transfer occurring in one or both directions for the CDFs 
presented.   
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Appendix A.  Waveguide Terminated with Rods Compared to an Open-Ended 
Waveguide 
 
FIG. 4.16.  Comparison of a WG confined on each end with a 3 uc section of rod to a WG that is open on 
each end. 
Placing a 3 uc section of rod at each end of the bus WG is believed to help contain the 
EM radiation within the WG and not allow much of it to leak out.  Figure 4.16 compares the 
spectra of a WG with stub rods at the end to an open WG.  Adding rod stubs to the ends of 
the WG yielded a wider frequency response.  This is probably due to a reduction in EM 
radiation leakage out the ends of the WGs.  
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Appendix B.  Lateral Antenna Placement within the Waveguide 
 
FIG. 4.17.  (a) Diagram of PC showing two areas:  a and b.  Area b is the area of optimum coupling and a 
is the area of decreasing coupling.  (b)  Spectrum showing coupling in area a.  (c) and (d) Spectra showing 
how coupling changes with distance into area a. 
The lateral position of the antenna inside the WG is very important.  If it is positioned 
too close to one of the edges of the WG coupling will be significantly poorer.  Figure 4.17a 
shows a diagram of a PC WG with a 3 uc rod stub at the edge of the PC.  In region a of Fig. 
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4.17a the coupling is becoming poorer as the antenna is moved farther away from region b.  
Figure 4.17c and d show how the coupling decreases when the antenna is placed given 
distances into region a from region b.  Region b is the area of stable coupling.  Inside this 
area the coupling response is fairly constant regardless of antenna placement.  Figure 4.17b 
shows the spectrum of the WG response with the antenna placed in region b.   
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Appendix C.  Antenna Placement Parallel to the Waveguide 
 
FIG. 4.18.  (a) Optimized antenna position in WG.  (b) Position 1 is at the point where the antenna’s 
shield is even with the 3 uc stub rod.  Position 2 is at the point where the antenna’s shield is 2 uc into the 
WG.  Position 3 is at the point where the antenna’s shield is in the optimized position shown in part a. 
The antenna’s position in the direction parallel to the WG is very important.  If the 
antenna is not placed consistently it will significantly affect the transmission spectrum and 
the repeatability of the experiment.  To determine the optimum position both antennas were 
attached to linear stages with micrometers, so that fine adjustments could be made.  Then one 
antenna was moved in and out to determine the point where the magnitude was the largest 
and flattest.  Then the other antenna was optimized the same way.  Finally the first antenna 
was moved once again to verify its location was optimum.  The optimum antenna position is 
shown in Fig. 4.18a.  Figure 4.18b shows how the transmission magnitude changes when the 
antenna is moved away from the optimum position.   
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Appendix D.  Comparison of the Measurements Made With Antennas Placed in Two 
Ports to Antennas Placed in Four Ports 
 
FIG. 4.19.  Spectra for a vertical 4-port channel-drop filter with a 2 uc cavity separated from the WGs by 
9 layers of PC with (a) two antennas and (b) four antennas placed in the PC at a time. 
 
 Experiments were performed to determine if placing one antenna in each port would 
yield different results than simply placing one antenna in the input port and the other antenna 
in the port to be measured.  For the measurement with four antennas, the two antennas that 
were not connected to the network analyzer’s test set were coaxially routed back to the test 
set and grounded.  Figure 4.19 shows the spectra of the two measurements.  The measured 
responses for the two different configurations show slight repeatable differences in the 
baselines.  They also show slight differences in the resonant peaks.  The resonant peak 
differences are within the error bars of the measurement setup due to shifts in disorder in the 
experimental PC. 
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CHAPTER 5.      GENERAL CONCLUSIONS 
General Discussion 
In chapter two, the physical defect parameters affecting the EM properties of a cavity 
were examined.  Modification of cavity properties were explored for four properties:  
resonant frequency, cavity Q, magnitude, and mode shape.  The resonant frequency of a 
cavity could be controlled or tuned to a desired frequency by changing the size or permittivity 
of the defect.  A defect’s permittivity can be changed by introducing a material with a 
different permittivity or creating a sub-lattice defect.  A cavity’s Q is primarily dependent on 
the amount of PC surrounding the defect cavity.  As the amount of PC surrounding the defect 
increases the Q of the cavity will also increase exponentially.  This exponential relationship 
between Q and amount of PC indicates that the process of getting a photon into or out of the 
cavity is an EM tunneling effect.1  To achieve a higher Q air cavity in a rectangular PC the 
cavity should be made by removing a section of a rod parallel to the long side of the PC.  
This means that for the woodpile PC more leakage occurs in the direction parallel to the 
section of rod removed to create the defect than perpendicular.  Cavity Q was the same for 
cavity modes excited in the x, y, or z directions as expected.  The Q of the cavity also 
remained constant as the polarization angle of the incoming e-field was varied.  When the e-
field angle of the incoming EM wave was changed, both frequency and Q remained constant 
even as the magnitude of the resonant mode decreased significantly.   
Chapter three discussed in depth the effects of changing the permittivity of a defect.  
TMM calculations showed that for a constant-size defect, increasing the permittivity caused 
the resonant frequency to decrease while the mode shape stayed the same.  Experiments also 
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showed that increases in permittivity yielded decreases in the resonant frequency.  Five sub-
lattice defect geometries were proposed and TMM simulations were performed.  Calculations 
showed that increases in the effective permittivity of the sub-lattice defects caused decreases 
in resonant frequency.  For sub-lattice defects of about the same average permittivity, 
resonant frequencies were different and mode shapes were similar, but not always the same.  
This suggests that the geometry of the sub-lattice defect affects the resonant frequency and 
mode shape of the EM wave confined by the cavity.  Two sub-lattice defects were 
experimentally examined by varying their effective permittivities from 1 to 9.  These 
experiments verified that the resonant frequencies decrease with increasing permittivity and 
different geometry sub-lattice defects yield different resonant frequencies.   
Channel-drop filters were examined in chapter four.  Six different channel-drop filter 
geometries were tested.  Five of the channel-drop filters exhibited frequency transfer from the 
bus (input) WG to the drop (output) WG.  There were working channel-drop filters built both 
horizontally and vertically within the PC.  The horizontal filters are desirable because they 
can be fabricated in one or two layers.  While the vertical filters have the advantage of easier 
fine control of the bandwidth of the energy transfer by controlling the cavity’s Q.  There is 
greater control of Q in the vertical filters because four layers make up a single unit cell and 
one layer can be removed or added at a time, while in the horizontal direction cladding can 
only be changed in increments of whole unit cells.  Also, a vertical channel-drop filter with 
WGs perpendicular to each other had transferred modes with properties similar to other 
vertical channel-drop filters. 
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Recommendations for Future Work 
There are still many aspects of making devices from cavities and WGs that can be 
explored.  A series of experiments and simulations could be performed to examine the 
properties of multilayer cavities.  It may be possible to couple EM waves propagating in the y 
direction into multilayer cavities of permittivities other than ~1.  In this work, coupling of 
EM waves propagating in the y direction into a cavity was only achieved for cavities made of 
air, but multilayer cavities were not explored.   
Channel-drop filters and multiplexers could be examined in more detail.  Experiments could 
be performed for channel-drop filters with multiple coupling cavities.  Using multiple 
coupling cavities could result in directional energy transfer into the drop WG.2  A series of 
FDTD simulations could be performed on the various channel-drop filter configurations to 
complement the experimental work.   
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